Cyclic di-GMP (c-di-GMP) is a bacterial second messenger produced by GGDEF domain-containing proteins. The genome of Ehrlichia chaffeensis, an obligatory intracellular bacterium that causes human monocytic ehrlichiosis, encodes a single protein that contains a GGDEF domain, called PleD. In this study, we investigated the effects of c-di-GMP signaling on E. chaffeensis infection of the human monocytic cell line THP-1. Recombinant E. chaffeensis PleD showed diguanylate cyclase activity as it generated c-di-GMP in vitro. Because c-di-GMP is not cell permeable, the c-di-GMP hydrophobic analog 2-O-di(tert-butyldimethylsilyl)-c-di-GMP (CDGA) was used to examine intracellular c-di-GMP signaling. CDGA activity was first tested with Salmonella enterica serovar Typhimurium. CDGA inhibited well-defined c-di-GMP-regulated phenomena, including cellulose synthesis, clumping, and upregulation of csgD and adrA mRNA, indicating that CDGA acts as an antagonist in c-di-GMP signaling. [
suggesting its importance in obligatory intracellular bacteria (7, 51) . PleD is expressed by E. chaffeensis and the related bacterium Anaplasma phagocytophilum during intracellular infection of human leukocytes, and recombinant PleD from each bacterium is phosphorylated by a recombinant cognate sensor kinase, named PleC, in each bacterium in vitro (33, 35) . C. crescentus PleD and A. phagocytophilum PleD have DGC activity (35, 44) . In this study, we showed that PleD from E. chaffeensis also has DGC activity. Because of the lack of a useful genetic system for E. chaffeensis and A. phagocytophilum and because c-di-GMP is not cell permeable, we employed the c-di-GMP hydrophobic analog 2Ј-O-di(tert-butyldimethylsilyl)-c-di-GMP (CDGA; C 32 H 58 N 12 O 14 P 2 Si 2 ; molecular weight [MW] ϭ 952.99; the structure is shown in Fig. 2A ) (27) to explore c-di-GMP signaling. Because CDGA inhibits infection of the human promyelocytic leukemia cell line HL-60 by A. phagocytophilum (35) , we determined whether CDGA inhibits well-known c-di-GMP-dependent phenomena, including cellulose synthesis and clumping in S. Typhimurium. Furthermore, using CDGA, we describe a novel role for c-di-GMP signaling in host cell invasion by stabilization of bacterial surface-exposed proteins, protecting them from degradation by endogenous proteases. Our results further expand the roles for c-di-GMP signaling in bacterial virulence.
MATERIALS AND METHODS
Bacterial strains and cell culture. E. chaffeensis Arkansas was propagated in THP-1 cells (ATCC, Manassas, VA) in RPMI 1640 medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine at 37°C in 5% CO 2 and 95% air. The Escherichia coli strains NovaBlue (for DNA cloning; Novagen, Madison, WI) and BL21(DE3) (for recombinant protein induction; Novagen) were cultured in Luria-Bertani broth (58) supplemented with 50 g/ml kanamycin, as needed.
Plasmid construction for expression of recombinant proteins. To construct expression vectors for recombinant E. chaffeensis PleD with a C-terminal His tag (rEcPleD-CHis), recombinant Ech0345 with an N-terminal His tag (rEch0345), recombinant TRP120 (tandem repeat protein 120) with an N-terminal His tag (rTRP120), recombinant HtrA with a C-terminal His tag (rHtrA), and the C-terminal fragment of recombinant HtrA with a C-terminal His tag, the DNA fragments encoding these proteins were amplified by PCR using the primers listed in Table 1 , using chromosomal DNA isolated from E. chaffeensis-infected THP-1 cells as a template. The PCR fragments were digested with the restriction enzymes described in Table 1 and ligated into pET33b (Novagen), which was digested with the same restriction enzymes. The mutant pleD alleles pleD(D53N) (phosphoryl acceptor site D was changed to N), pleD(I-VMGG) (I site RITD was changed to VMGG), and pleD(GG374DE) (GGEEF was changed to DEEEF) were constructed by site-directed mutagenesis using the primers listed in Table  1 , with a plasmid containing wild-type pleD as a template, using a QuikChange site-directed mutagenesis kit (Agilent, Santa Clara, CA). Plasmid inserts and mutations were confirmed by DNA sequencing.
Recombinant protein purification. For the DGC assay, rEcPleD-CHis and rEcPleD(D53N)CHis were purified from the E. coli soluble fraction using HisSelect nickel affinity gel (Sigma-Aldrich, St. Louis, MO) (33) with one modifi- cation: the column binding buffer was 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM ␤-mercaptoethanol, and 10% glycerol. rEcPleD(GG374DE)CHis was purified from the E. coli insoluble fraction using His-Select nickel affinity gel and refolded (33) . rEcPleD-CHis was also purified from the insoluble fraction and refolded as a positive control for rEcPleD(GG374DE)CHis. For the [ 32 P]c-di-GMP binding assay, rEcPleD-CHis was purified from both E. coli soluble and insoluble fractions, and rEcPleD(I-VMGG)CHis was purified from the E. coli insoluble fraction (33) . rEch0345 was purified from an E. coli lysate by the batch method using His-Select nickel affinity gel. Recombinant P. aeruginosa WspR (rWspR) (32), rTRP120, rHtrA, and the C-terminal fragment of recombinant HtrA were purified from the E. coli soluble fraction (33) .
DGC activity. For high-pressure liquid chromatography (HPLC), rEcPleDCHis and rEcPleD(D53N)CHis purified from E. coli soluble fractions were dialyzed against 50 mM sodium phosphate (pH 7.0)-500 mM NaCl and loaded onto a TSK-G3000 SWXL gel filtration column (Tosho, Tokyo, Japan) equipped with an Ä KTA purifier (GE Healthcare, Piscataway, NJ) to separate the monomer form of the protein from the multimers. Proteins were eluted at a flow rate of 1 ml/min. Gel filtration standards (Bio-Rad, Hercules, CA) were used to determine the molecular masses of the proteins in the peaks. The eluted monomers of rEcPleD-CHis and rEcPleD(D53N)CHis as well as rEcPleD-CHis and rEcPleD(GG374DE)CHis purified from E. coli insoluble fractions were extensively dialyzed against 50 mM Tris-HCl (pH 8.0), 250 mM NaCl, and 5 mM ␤-mercaptoethanol, and the protein samples (100 g) were incubated with 1 mM BeCl 2 , 10 mM NaF, and 10 mM MgCl 2 for 30 min at room temperature in DGC buffer (50 mM Tris-HCl [pH 8.0], 250 mM NaCl, 10 mM MgCl 2, 5 mM ␤-mercaptoethanol). The proteins were then incubated with 50 nmol GTP for 1 to 4 h at room temperature. Samples were resolved by reversed-phase HPLC (35) .
CDGA. The purities of the synthesized c-di-GMP and CDGA were Ͼ95% as measured by the Waters 2695 HPLC system (Waters, Milford, MA), which was equipped with a reversed-phase HPLC column (COSMOSIL 5C18-AR-II; Nacalai Tesque, Kyoto, Japan). The sample was eluted with a linear gradient of 0 to 48% acetonitrile in 0.9% NaCl. c-di-GMP was dissolved in 0.9% NaCl, and CDGA was dissolved in dimethyl sulfoxide (DMSO).
Antibodies. Rabbit anti-HtrA was raised by immunizing rabbits with the Cterminal fragment of recombinant HtrA (amino acids [aa] 367 to 471; New England Peptide, Gardner, MA). The other antibodies used were rabbit antiCsgD (61), rabbit anti-P28 (41) (to detect both P28 and Omp-1F [34] ), rabbit anti-TRP120 (45), rabbit anti-OmpA (25), rabbit anti-NtrX (7), rabbit antiVirB9 (4), rabbit anti-VirB6-2 (4), rabbit anti-Hsp60 (69), horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (KPL, Gaithersburg, MD), dog anti-E. chaffeensis (25) , fluorescein isothiocyanate (FITC)-conjugated goat anti-dog IgG (Rockland, Gaithersburg, MD), Texas Red-conjugated goat anti-dog IgG (Rockland), and Alexa Fluor 555-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA).
Cellulose synthesis and clumping assay with S. Typhimurium in the presence of CDGA. S. Typhimurium strains 14028 and 14028 adrA::Km (16) were cultured overnight, inoculated (1:100 dilution) in a glass tube containing Luria-Bertani medium without salt, and cultured for 48 h without shaking at room temperature. Bacterial clumping was observed by phase-contrast microscopy using a Nikon Eclipse E400 microscope (Nikon Instruments, Inc., Melville, NY). Cellulose synthesis was assessed by staining bacteria with 200 g/ml calcofluor and analyzing them with a microscope equipped with a xenon-mercury light source. To examine bacterial attachment to the glass wall, the culture was rotated for 1 day at room temperature, and the glass tube was stained with 0.1% (wt/vol) crystal violet. Strain 14028 was cultured in the presence of 0.3 mM CDGA or its solvent DMSO (1%, vol/vol), and the phenotypes were examined under the same conditions. After S. Typhimurium strain 14028 was cultured in the presence of CDGA (0.1 mM, 0.3 mM, or 1 mM) or the solvent control, RNA was purified with an RNeasy minikit (Qiagen, Valencia, CA), treated with DNase I, and reverse transcribed (7) . The expression levels of csgD and adrA were quantified by real-time PCR using the primers listed in Table 1 (7) . CsgD protein level was determined by Western blotting using anti-CsgD. (35) . Nonreacted GTP was cleaved by incubation with 10 U of calf intestinal alkaline phosphatase (New England Biolabs, Ipswich, MA). The mixture was heated for 5 min at 95°C and centrifuged to eliminate proteins. c-di-GMP production and removal of nonreacted GTP were verified by thinlayer chromatography on a polyethyleneimine-cellulose plate (Macherey-Nagel, Düren, Germany) in 1.5 M KH 2 PO 4 (pH 3.65). Alternatively, after incubation of rWspR (20 g) and unlabeled GTP (100 pmol), reversed-phase HPLC was performed to detect c-di-GMP as described above.
Host cell-free E. chaffeensis at the mid-exponential growth phase from a synchronous culture was isolated (34 (35) . The gel was exposed to a storage phosphor screen (Molecular Dynamics, Sunnyvale, CA), which was scanned with a PhosphorImager 445 Si (Molecular Dynamics).
Determination of E. chaffeensis binding and internalization. Host cell-free bacteria isolated from heavily infected cells (close to cell rupture) were suspended in SPK medium (200 mM sucrose-50 mM potassium phosphate buffer, pH 7.4) supplemented with 2 mM L-glutamine and incubated with 0.3 mM CDGA or 1% (vol/vol) DMSO for 2 h at 37°C. Bacteria were washed twice with SPK medium and added to THP-1 cells at a multiplicity of infection (MOI; the ratio of the number of bacteria to the number of host cells) of 100. For the binding assay, the mixture was incubated for 1 h at room temperature, and cells were washed twice with phosphate-buffered saline (PBS; 37 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , pH 7.4) or RPMI medium to remove unbound bacteria. Cells were cytocentrifuged, fixed with 2 or 4% paraformaldehyde, and stained with dog anti-E. chaffeensis (1:100), followed by FITC-conjugated goat anti-dog IgG (1:100). Then, the number of bacteria per 100 cells was determined. For the internalization assay, the bacteria and THP-1 cell mixture were incubated for 2 h at 37°C and washed twice with PBS to remove unbound bacteria. Cells were cytocentrifuged and stained as described above. Then, cells were permeabilized with 0.3% saponin and stained with dog anti-E. chaffeensis (1:100), followed by Texas Red-conjugated goat anti-dog IgG (1:100). The fluorescent images were analyzed with a Nikon Eclipse E400 fluorescence microscope with a xenon-mercury light source (Nikon Instruments, Inc.). The numbers of bacteria stained yellow (noninternalized) and red (internalized) in the merged photos were counted. To assess the combined effect of CDGA and rHtrA on E. chaffeensis binding and internalization, bacteria were pretreated with 1% (vol/ vol) DMSO or 0.3 mM CDGA with rHtrA (0, 0.25, 0.5, 0.75, and 1 g) and then mixed with THP-1 cells (MOI of 200), followed by determination of binding and internalization as described above. For the infection assay, the pretreated E. chaffeensis and THP-1 cell mixtures were incubated for 2 h at 37°C and washed twice with PBS to remove unbound bacteria. After culturing for 2 to 4 days, infected cells were counted. The assays were conducted in triplicate.
E. chaffeensis surface protein labeling. Host cell-free E. chaffeensis was cytocentrifuged and fixed with 2% or 4% paraformaldehyde in PBS for 15 min. Bacteria were then quenched with 50 mM NH 4 Cl in PBS for 15 min, incubated with primary antibodies for 1 h, and then incubated with secondary antibodies for 1 h. All procedures were done at room temperature, and antibodies were diluted in 2% fetal bovine serum and 1% bovine serum albumin in PBS to 1:100 unless otherwise noted. As a negative control, E. chaffeensis was incubated with preimmune rabbit serum, followed by incubation with the appropriate fluorochromeconjugated secondary antibody.
Detection of E. chaffeensis surface-exposed proteins. Host cell-free bacteria were incubated with 0.3 mM CDGA or 1% (vol/vol) DMSO in the presence or absence of protease inhibitor cocktail (EMB Biosciences, La Jolla, CA) (35) supplemented with 5 mM EDTA or were incubated with diisopropyl fluorophosphate (DFP; 0.1 or 1 mM) only for 2 h at 37°C. Proteins were detected by Western blotting using antibodies recognizing TRP120, P28, OmpA, VirB6-2, VirB9, and Hsp60.
Protease assays. Purified rHtrA was dialyzed against 10 mM HEPES (pH 7.8), 5 mM MgCl 2 , and 100 mM NaCl, and protease activity was confirmed using a general protease assay kit (QuantiCleave protease assay kit; Pierce, Rockford, IL) in the presence or absence of 1 or 10 mM DFP. rHtrA was incubated with rTRP120, host cell-free E. chaffeensis, or an E. chaffeensis membrane fraction isolated as described in reference 33 and supplemented with 10 mM tosyl-Llysine chloromethyl ketone and 5 mM EDTA in the presence or absence of 10 mM DFP. TRP120 and P28/Omp-1F were detected by Western blotting using anti-TRP120 and anti-P28, respectively.
Effects of anti-HtrA on CDGA-induced downregulation of TRP120. Gamma globulin fractions were partially purified from rabbit HtrA antiserum and preimmune serum with sodium sulfate (4). To examine whether anti-HtrA inhibits the protease activity of rHtrA, TRP120 (1 g) was incubated with rHtrA (1 g) in the presence of 5 g of anti-HtrA IgG or preimmune IgG for 2 h at 37°C. Host cell-free E. chaffeensis isolated from 10 6 cells was incubated with 5 g of antiHtrA IgG or preimmune IgG in the presence of 0.3 mM CDGA for 2 h at 37°C. The amount of TRP120 was determined by Western blotting using anti-rTRP120.
Statistical analysis. An unpaired Student t test and analysis of variance were used for statistical analysis. A P value of Ͻ0.05 was considered significant.
RESULTS

E. chaffeensis PleD has DGC activity.
Although DGC activity has not been reported to occur in purified native proteins, recombinant GGDEF domain-containing proteins from several bacterial groups do have DGC activity (44, 57) . When rEcPleD-CHis was overexpressed in E. coli (33) , most of the purified protein formed multimers as determined by HPLC gel filtration chromatography, and no DGC activity was detected (data not shown). Thus, this protein was purified in the presence of a high salt concentration and glycerol under reducing conditions using Ni affinity chromatography, followed by separation of the rEcPleD-CHis monomer with HPLC gel filtration. The major peak eluted from the HPLC column at 10.43 min (Fig. 1A) and contained the monomer form of rEcPleDCHis. No other protein was detected by SDS-PAGE (Fig. 1B) . GG374DE)CHis purified from the E. coli insoluble fraction (E) were incubated with BeCl 2 , NaF, and MgCl 2 and then with 50 nmol GTP for 4 h at room temperature, were denatured, and were precipitated by centrifugation. The supernatant was resolved by reversed-phase HPLC. The solid line is an elution profile. The dashed line depicts the 3-to-20% methanol gradient. Numbers above the peaks in panels A, C, D, and E are retention times (min).
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The peak at 9.35 min (Fig. 1A) contained the dimer form of rEcPleD-CHis, and no other protein was detected in this fraction (Fig. 1B) . The approximate ratio of monomer to dimer was 4 to 1. The DGC activity was very weak in the monomer fraction (data not shown). For C. crescentus rPleD, the phosphor mimic BeF 3 Ϫ induces dimerization, leading to a higher level of DGC activity (43, 66) . Therefore, we incubated the HPLC-separated monomer rEcPleD-CHis with BeF 3 Ϫ and assayed for DGC activity. When BeF 3 -treated rEcPleD-CHis (100 g) was incubated with 50 nmol GTP, about 0.5 nmol c-di-GMP was produced as detected by reversed-phase HPLC (Fig. 1C) . To further investigate the activation of PleD by phosphorylation, we constructed a phosphoryl group acceptor mutant, rEcPleD(D53N)CHis. In C. crescentus PleD, the D53N mutation is not activated by BeF 3 Ϫ (43). Similarly, when rEcPleD(D53N)CHis monomer purified by Ni column and HPLC gel filtration chromatography was incubated with BeF 3 Ϫ, the DGC activity was not detected (Fig. 1D) . DGC activity was dependent on the GGDEF motif, because the mutant rEcPleD(GG374DE)CHis had diminished DGC activity (Fig. 1E) .
CDGA inhibits c-di-GMP-dependent biological events in Salmonella. Our previous study suggested that the hydrophobic c-di-GMP analog, CDGA, is useful in studying the c-di-GMP signaling in live bacteria (35) . To define the functions of CDGA, we examined its effects in well-established c-di-GMPdependent phenomena, including the biosynthesis of cellulose and curli fimbriae in S. Typhimurium (30, 52, 60, 61, 70) . c-di-GMP induces the master transcriptional regulator CsgD, which in turn induces the expression of curli biosynthesis genes. CsgD induces the GGDEF domain-containing protein AdrA as well, which regulates cellulose synthesis through putative creation of a different c-di-GMP pool (30, 52 ). An S. Typhimurium strain deficient in adrA displays reduced cellulose synthesis as detected by reduced staining of colonies on a calcofluor-containing plate (16) . Similarly, the adrA mutant showed less-intense staining with calcofluor than did the parent strain 14028 after culturing in liquid medium without shaking (Fig. 2B) . The adrA mutant adheres to glass walls when cultured at 37°C with rapid shaking in a nutrient-deficient medium (16) . Similarly, with crystal violet staining, we observed that the mutant was less adhesive to glass walls than the parent strain after bacteria were cultured with rotation (Fig.  2C) . When the 14028 strain was cultured in the presence of CDGA, cellulose biosynthesis was reduced compared with a culture grown in the presence of the solvent DMSO ( Fig. 2B and C). Bacterial clump formation mediated by curli fimbriae (54) was also reduced when the 14028 strain was cultured in the presence of CDGA, as in the case of the 14028 adrA mutant, as detected by phase-contrast microscopy (Fig. 2B) . In contrast, addition of c-di-GMP did not influence cellulose and curli fimbriae synthesis under these experimental conditions (data not shown). Neither c-di-GMP nor CDGA changed the S. Typhimurium growth rate in the liquid medium (data not shown). We also examined the effects of CDGA on the protein level of CsgD and the mRNA levels of csgD and adrA, which are regulated by c-di-GMP (30) . CDGA induced downregulation of csgD and adrA mRNA in a dose-dependent manner in the 14028 strain ( Fig. 2D and E) . These results showed that CDGA acts as antagonist of c-di-GMP signaling in Salmonella.
c-di-GMP binds to E. chaffeensis native proteins and I-site proteins and is inhibited by CDGA. c-di-GMP functions via c-di-GMP-binding proteins, including several PilZ domaincontaining proteins (3), such as C. crescentus DgrA (9), E. coli YcgR (56), P. aeruginosa Alg44 (40), and V. cholerae PlzABCDE (46) , and several non-PilZ proteins, such as P. aeruginosa PelD (37), FleQ (23), and C. crescentus PopA (14) . In silico analysis of the E. chaffeensis genome detected no protein that contains the characteristic PilZ domain motif R-X a (produces hydrogen bond)-X-X-R-X b (hydrophobic amino acid)-(1 to 50 of any amino acids)-D/N-X b -S-X-X-G (5). c-di-GMP binds to the I site of C. crescentus PleD, which is associated with allosteric inhibition of its DGC activity (6, 8). C. crescentus PopA also binds c-di-GMP at the I site (14) . The majority (Ͼ60%) of annotated GGDEF domain-containing proteins contain an I site (8) . E. chaffeensis PleD has a typical I-site sequence (RIID) six amino acids upstream of the GG-DEF motif. Our in silico analysis showed another potential I-site protein (Ech0345) with a deduced molecular mass of 33 kDa. This protein is weakly homologous to the S. Typhimurium GGDEF domain-containing protein AdrA (E value is 6e-05). Ech0345 contains a degenerate GGDEF motif, and the candidate I site (RIID) is also six amino acid residues upstream of the motif. Therefore, we examined [
32 P]c-di-GMP binding to the native E. chaffeensis lysate proteins, rPleD, and rECH0345. At least three E. chaffeensis-specific [ 32 P]c-di-GMP-binding proteins (molecular masses of ϳ32, 48, and 150 kDa) were detected in the E. chaffeensis lysate, all of which were specific to [
32 P]c-di-GMP because excess unlabeled c-di-GMP inhibited the [ 32 P]c-di-GMP binding (Fig. 3A) , but excess GTP did not (data not shown). Two other bands of Ͼ200 kDa and 28 kDa may also be E. chaffeensis proteins, although bands of similar sizes were also detected in uninfected THP-1 cell lysates (data not shown). The two candidate I-site proteins, PleD and Ech0345, displayed specific binding to [ 32 P]c-di-GMP as well, because the binding was inhibited by unlabeled c-di-GMP (Fig. 3A) . The binding to PleD was I site dependent because the refolded I-site mutant rEcPleD(I-VMGG)CHis purified from the E. coli insoluble fraction did not bind [
32 P]c-di-GMP, whereas wild-type PleD purified and refolded in the same manner as the I-site mutant bound to [ 32 P]c-di-GMP (Fig. 3B) . Because CDGA inhibited c-di-GMP signaling in Salmonella (Fig. 2) , we examined whether CDGA inhibits c-di-GMP binding to E. chaffeensis target proteins. c-di-GMP binding to the three native proteins, rPleD, and rEch0345 was inhibited by CDGA (Fig. 3A) . The relative affinities for binding of c-di-GMP and CDGA to the target proteins were likely similar, because the inhibitory effects on [ 32 P]c-di-GMP binding induced by unlabeled c-di-GMP and CDGA were similar (Fig. 3C) .
Pretreatment of E. chaffeensis with CDGA inhibits internalization. S. Typhimurium grows in the absence of eukaryotic cells and survives in eukaryotic cells. c-di-GMP is not essential for growth in vitro, because the growth rate of a strain lacking all 12 GGDEF domain-containing proteins is similar to that of the wild-type strain (62) . To the best of our knowledge, there is no report showing a requirement of c-di-GMP for intracellular S. Typhimurium. Unlike Salmonella, E. chaffeensis exclusively survives and replicates in eukaryotic host cells. Because CDGA inhibits c-di-GMP-dependent biological activity of Salmonella as well as binding of c-di-GMP to E. chaffeensis proteins, we used CDGA to study whether c-di-GMP signaling is required for E. chaffeensis infection. First, host cell-free E. chaffeensis was pretreated with CDGA or DMSO. After being washed, bacteria were mixed with THP-1 cells, and infected cells were counted. The infectivity of E. chaffeensis pretreated with CDGA was significantly lower than that of E. chaffeensis pretreated with DMSO alone (Fig. 4A) . We then examined the inhibitory mechanisms of E. chaffeensis infection by CDGA in detail. E. chaffeensis binding to THP-1 cells was not inhibited by CDGA, because the number of CDGA-pretreated bacteria that were bound to host cells was comparable to that of solvent-pretreated bacteria (Fig. 4B) . In contrast, E. chaffeensis internalization was significantly inhibited by CDGA, because the number of internalized bacteria was lower than that of solvent-pretreated bacteria (Fig. 4C and D) . As a control, when isolated E. chaffeensis was preincubated with c-di-GMP or the solvent, no difference in infectivity was observed (data not shown).
CDGA induces downregulation of E. chaffeensis surface-exposed proteins. c-di-GMP signaling regulates the synthesis of bacterial surface components (exopolysaccharide, pili, flagella, and stalks) (22, 23, 28, 29, 32, 37, 39, 40, 52, 53, 59, 63) . The E. chaffeensis genome does not encode complete sets of proteins required for biosynthesis of exopolysaccharide capsules, common pili, or flagella. Because CDGA pretreatment led to impaired internalization into host cells, we investigated the amounts of known E. chaffeensis surface-exposed proteins recovered when E. chaffeensis was cultured in the presence of CDGA or DMSO. Immunoelectron microscopic studies have demonstrated that TRP120 and P28 are bacterial surface-exposed proteins (41, 45, 68) . The inclusion (45, 49) , and E. chaffeensis TRP120 is associated with filamentous material in the matrix (45) . Proteomic analysis has also shown that P28 is exposed on the E. chaffeensis surface (17) . P28 is predicted to form a ␤ barrel in the outer membrane consisting of 12 transmembrane segments and functions as a porin (34) . OmpA (peptidoglycan-associated lipoprotein) induces delayed-type hypersensitivity reactions in dogs (25) . OmpA is predicted to be an outer membrane protein, because homologous proteins are found on the outer membranes of most Gram-negative bacterial species, such as Helicobacter pylori (31) and Haemophilus influenzae (11) . Because of the lack of data regarding OmpA localization on E. chaffeensis, we first examined the surface expression of OmpA by immunofluorescence labeling. Anti-OmpA bound to the surfaces of paraformaldehyde-prefixed nonpermeabilized bacteria (65) (Fig. 5A) , indicating OmpA surface exposure. Normal rabbit serum (data not shown) and antiserum against the E. chaffeensis cytoplasmic protein NtrX (7, 33) did not bind to the bacterial surface (Fig.  5A) , confirming the specificity of the antibody and surface exposure of OmpA. As detected by Western blotting with Hsp60 as a loading control, when host cell-free E. chaffeensis was incubated with CDGA for 2 h, the protein amounts of TRP120 and OmpA were reduced, whereas the P28 protein amounts did not change (Fig. 5B) . The type IV secretion system (T4SS) is a virulence factor in several host cell-associated pathogens (2) . The T4SS apparatus traverses the two bacterial membranes and transports macromolecules such as DNA and proteins into host cells or into or out of bacteria (2) . In E. chaffeensis, proteomic analysis identified VirB9 as a surface-exposed protein (17) . The 120-kDa VirB6-2 protein from E. chaffeensis is cleaved to produce an 80-kDa fragment (4). Most VirB6-2 80-kDa fragments are localized outside bacteria within the inclusion, and these fragments interact with VirB9 and VirB6-3 (4). Therefore, we determined the amounts of VirB9 and VirB6-2 in host cell-free bacteria treated with CDGA. CDGA reduced the amount of the 80-kDa VirB6-2 fragment but not that of VirB9 (Fig. 5B) .
The reduction in E. chaffeensis surface-exposed proteins by CDGA is blocked by protease inhibitors. E. chaffeensis is an obligatory intracellular bacterium lacking genes for most amino acid biosynthesis and for intermediary metabolism (47) and is not expected to synthesize significant new proteins within 2 h in SPK medium which contains only a single amino acid, L-glutamine. Thus, we first examined whether the reductions in TRP120, OmpA, and VirB6-2 protein levels was due to the degradation of these proteins by proteases. When host cell-free bacteria were incubated with CDGA in the presence of protease inhibitor cocktail, the reductions of the three proteins by CDGA were blocked (Fig. 6A) , implying that proteases are involved in the CDGA-dependent degradation of these proteins. The degradation of surface-exposed proteins is likely dependent on bacterial proteases on the bacterial surface, in the periplasm, or in the outer membrane. Besides several proteases with unknown localizations and specificity, our P-sort analysis (http://psort.ims.u-tokyo.ac.jp/) has predicted that two serine proteases of E. chaffeensis are localized at these sites. Therefore, we examined degradation of E. chaffeensis surface proteins in the presence of a serine protease inhibitor, DFP. TRP120 and VirB6-2 degradation was blocked by DFP, and OmpA degradation was slightly inhibited by DFP (Fig. 6B) . These results suggest that an endogenous serine protease(s) is involved in CDGA-induced degradation of surface-exposed proteins.
The surface serine protease HtrA degrades TRP120. Of the two predicted surface-exposed serine proteases, an HtrA ortholog (Ech1052; YP_507837) was detected on the E. chaffeensis surface by biotin surface labeling of bacteria followed by proteomic analysis (17) . The HtrA family of proteases consists of widely conserved endopeptidases from bacteria to humans, and members contain a trypsin-like protease domain and one or more PDZ domains that are involved in interaction with substrates (10) . E. chaffeensis HtrA has two PDZ domains, similar to E. coli DegP/DegQ, that belong to the HtrA family (10) . The C-terminal PDZ domain does not have significant homology with human HtrA. Therefore, anti-E. chaffeensis HtrA was raised against the C-terminal PDZ domain (antiHtrA) and displayed no cross-reactivity against THP-1 cell proteins (data not shown). We confirmed surface exposure of HtrA using immunofluorescence labeling of nonpermeabilized E. chaffeensis. The surfaces of host cell-free bacteria were stained with anti-HtrA but not with preimmune serum (Fig.  7A ). E. chaffeensis rHtrA degraded succinylated casein, which is used in general protease assays (20) , and the activity was blocked by DFP (data not shown), indicating that E. chaffeensis HtrA is, indeed, a serine protease.
Although the detailed mechanism of E. chaffeensis internalization into host cells is unknown, TRP120-expressing E. coli bacteria are internalized into eukaryotic cells (45) . This observation suggests that the reduction in E. chaffeensis internalization by CDGA treatment is related to the downregulation of TRP120 on the bacterial surface. We therefore examined whether E. chaffeensis TRP120 can be degraded by E. chaffeensis rHtrA. rHtrA degraded rTRP120 as well as native TRP120 in the E. chaffeensis membrane fraction and was inhibited by DFP (Fig. 7B) . When rHtrA was incubated with the substrate rTRP120 in the presence of anti-HtrA, degradation of rTRP120 was partially inhibited, whereas no inhibition by the preimmune serum control was observed (Fig.  7C) , indicating that the antibody blocked rHtrA protease activity for rTRP120. To examine whether endogenous HtrA is involved in CDGA-induced degradation of TRP120, we examined whether anti-HtrA inhibited CDGA-induced downregulation of endogenous TRP120. The amount of TRP120 was reduced in the presence of CDGA, and this reduction was blocked by anti-HtrA. No inhibition was detected when preimmune serum was used as a control (Fig. 7D) . No change in the amount of P28/Omp-1F was observed under the same conditions (Fig. 7D) . The CDGA-induced downregulation of TRP120 is not likely to be due to a direct interaction of CDGA with rHtrA or with the substrate TRP120, because the degradation of rTRP120 by rHtrA was not affected by CDGA (data not shown). Taken together, our data suggest that endogenous HtrA is involved in the CDGA-induced degradation of native TRP120.
rHtrA enhances CDGA-induced downregulation of TRP120 and E. chaffeensis internalization. Because rTRP120 degradation by rHtrA was not affected by CDGA, we examined whether rHtrA enhanced CDGA-induced native TRP120 degradation as well as bacterial internalization. When E. chaffeensis was incubated with 0.25 g rHtrA or CDGA alone, internalization was reduced, and when CDGA and HtrA were combined, inhibitory effects were increased ( Fig. 8A and B) .
DISCUSSION
This study demonstrated that CDGA blocks well-established c-di-GMP-regulated phenomena, including the synthesis of cellulose and curli fimbriae by S. Typhimurium. Our data support the utility of CDGA for probing c-di-GMP signaling in live bacteria. CDGA contains two hydrophobic residues, and it exerted biological activity in Salmonella, A. phagocytophilum, and E. chaffeensis when exogenously added, implying that CDGA indeed penetrates across bacterial membranes. As demonstrated in the S. Typhimurium system, CDGA likely acts as a c-di-GMP functional antagonist by competitively inhibiting c-di-GMP binding to E. chaffeensis target proteins, as CDGA inhibited [ 32 P]c-di-GMP binding of the three endogenous E. chaffeensis proteins in vitro. We cannot, however, exclude an alternative or concurrent possibility that the effects of CDGA are mediated by direct inhibition of E. chaffeensis PleD through binding to the I site and a consequent reduction of c-di-GMP in bacterial cells.
CDGA inhibited E. chaffeensis internalization and infection, implying that c-di-GMP signaling is indispensable for E. chaffeensis survival. Although c-di-GMP signaling pathways remain to be studied, E. chaffeensis has at least three c-di-GMPbinding proteins (32, 48 , and 150 kDa) that may mediate c-di-GMP signaling. The 48-kDa band likely contains PleD, as E. chaffeensis rPleD bound [ 32 P]c-di-GMP. Interestingly, a new I-site protein (a hypothetical protein, Ech0345, whose predicted molecular mass is 33 kDa) with a degenerate GGDEF domain was found to bind c-di-GMP, and thus, the 32-kDa band likely includes Ech0345.
Our results suggest that c-di-GMP signaling regulates the stability of several surface-exposed proteins (TRP120, OmpA, and VirB6-2) in E. chaffeensis. Although the details of the signaling pathway are unknown, during the C. crescentus cell cycle, marked changes in bacterial surface components that mediate functions such as flagellum ejection, holdfast formation, and stalk formation take place at the same pole, and these surface events are spatially and temporally controlled by polarlocalized activated PleD (1, 38, 44) . Proper positioning of a c-di-GMP PDE is required for flagellum biogenesis at the newly emerging cell pole (26) . E. chaffeensis lacks these bacterial surface organelles or an obvious pole; however, E. chaffeensis PleD may share a fundamental principle with Caulobacter PleD in regulating bacterial surface components. We also examined the influences of CDGA on bacterial mRNA levels. E. chaffeensis mRNA levels of several genes normalized by the rpoA mRNA level were reduced by 0 to 40% in CDGA-treated bacteria (see Fig. S1 in the supplemental material). Thus, CDGA destabilizes certain mRNA; however, reduced mRNA is unlikely the cause of the reductions of TRP120, OmpA, and VirB6-2 protein amounts by CDGA under the present assay condition. Because (i) this reduction is blocked by protease inhibitors, (ii) any change in mRNA is unlikely translated to the protein levels, as new protein synthesis by host cell-free bacteria is minimum, and (iii) there is no correlation between changes in mRNA and protein levels, reduction was not specific to ompA or the TRP120 gene, and p28 was also reduced.
Anti-HtrA inhibited CDGA-induced TRP120 degradation, suggesting TRP120 degradation by endogenous HtrA. The serine protease HtrA and the metalloprotease PepA aminopeptidase are present on the surface of E. chaffeensis, as shown by biotin surface labeling followed by proteomic analysis (17) ; however, neither of the proteases had been characterized. Our study showed that HtrA is indeed surface exposed on E. chaffeensis and has the ability to degrade endogenous surfaceexposed proteins. Members of the HtrA family of proteases in bacteria are generally localized in the periplasm (10) , and to the best of our knowledge, no report has shown HtrA localization on the bacterial surface. E. chaffeensis HtrA has a signal peptide, but the mature protein does not contain a potential transmembrane domain. Thus, the protein is associated with the bacterial surface but is not likely to be anchored to the outer membrane. Although the localization of E. chaffeensis HtrA in the periplasm has not been examined, it may also be localized in the periplasm. Several bacterial surface proteases function as virulence factors by facilitating infection of the host. For example, Pla protease produced by Y. pestis mediates bacterial adherence, invasion, and attack of the host innate immune system (18) . Pic protease, which is produced by enteroaggregative E. coli, is involved in bacterial colonization in the mouse intestine (19) . To the best of our knowledge, no study has reported the involvement of c-di-GMP in any protease functions that inhibit bacterial infection. CDGA per se did not activate rHtrA, as degradation of casein by rHtrA was not accelerated by CDGA (data not shown). CDGA may, however, indirectly activate endogenous HtrA. Alternatively, CDGA renders certain surface-exposed proteins, such as TRP120, accessible or susceptible to bacterial surface protease actions, such as HtrA. The additive effects of rHtrA and CDGA on degradation of TRP120 suggest that rHtrA and CDGA act on the nonoverlapping target independently.
It remains to be elucidated how cytoplasmic c-di-GMP regulates the susceptibility of surface-exposed E. chaffeensis proteins. c-di-GMP is associated with protease function in C. crescentus. The c-di-GMP-binding I-site protein PopA mediates the degradation of CtrA, an inhibitor of chromosomal DNA replication, at the G 1 /S cell cycle transition in C. crescentus by directing CtrA to the cell pole where the ClpXP protease functions (14) . Ech0345 is a c-di-GMP-binding I-site protein with a degenerate GGDEF motif similar to that of PopA, and it is possible that this protein is involved in linking c-di-GMP to proteases in E. chaffeensis.
Involvement of c-di-GMP signaling in stabilization of the TRP120 surface protein is consistent with a critical role for this molecule in obligatory intracellular bacterial infection. TRP120 is expressed in mature dense-core cells that have a high level of internalization ability (68) , and recombinant E. coli bacteria that express E. chaffeensis TRP120 invade HeLa cells (45) . E. coli bacteria that express Ehrlichia ruminantium "mucin-like protein" (a TRP120 homolog) bind to tick IDE8 cells, and the recombinant mucin-like protein binds to tick IDE8 cell lysate proteins (12) . Although the host cell receptors for these binding events and the matter of how they are involved in the internalization process are currently unknown, it is possible that besides TRP120, other bacterial surface-exposed proteins are associated with bacterial internalization. OmpA may be one such protein, because levels were reduced by CDGA treatment and because the E. coli OmpA ortholog is involved in bacterial invasion of astrocytes and E. coli-induced meningitis (67) . One interesting finding in our study is that CDGA treatment and consequent degradation of TRP120 or OmpA did not inhibit E. chaffeensis binding to THP-1 cells, indicating that the remaining proteins are sufficient for bacterial binding but that TRP120 and OmpA are required for efficient internalization. Moreover, one component of the T4SS, VirB6-2 (4), was reduced by CDGA treatment. Because the T4SS is a virulence factor in several pathogens for establishing infection in host cells (2) , it is possible that in E. chaffeensis, c-di-GMP contributes to bacterial infection by regulating T4SS function by modulating bacterial surface-exposed T4SS components.
Despite the sequence similarity between E. chaffeensis PleD and C. crescentus PleD (41% identical), several intriguing differences are apparent. First, the specific DGC activity of E. chaffeensis rPleD was much lower than that of C. crescentus rPleD, even after activation by BeF 3 Ϫ (data not shown). The E. chaffeensis genome does not encode EAL (29, 50) or HD-GYP (55) proteins associated with c-di-GMP PDE activity, suggesting that intrabacterial levels of c-di-GMP depend only on the weak DGC activity of PleD in E. chaffeensis. Second, PleD in free-living C. crescentus is involved in bacterial differentiation by regulating the expression of bacterial surface organelles, whereas PleD in the obligatory intracellular bacterium E. chaffeensis is involved in the host-bacteria interaction (inter- VOL. 192, 2010 E. CHAFFEENSIS AND CYCLIC di-GMP 4131
on September 22, 2017 by guest http://jb.asm.org/ nalization) by regulating the expression of interfacing surface proteins. Third, and most importantly, on the basis of the proposed function of c-di-GMP, PleD is likely to be essential for E. chaffeensis survival, whereas PleD is not essential for C. crescentus survival (21) . Like E. chaffeensis and A. phagocytophilum (35) , bacteria belonging to the order Rickettsiales have only a single GGDEF domain-containing protein, PleD (51) . Except for the two species E. chaffeensis and A. phagocytophilum, PleD orthologs in Rickettsiales have not been characterized. The results presented here are the first data that link c-di-GMP to bacterial surface-exposed proteins and bacterial invasion, providing an interesting model for studying c-di-GMP functions in obligatory intracellular bacteria and beyond.
